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Abstract 

Experimental measurements of the electric form factor of 

the neutron indicate a spatially inhomogeneous distribution 

of charge. The quark model, with a spatially dependent spin- 

spin interaction, can accurately describe this inhomogeneity. 

We relate the neutron’s charge radius to the nucleon-delta 

mass difference and discuss other experimental consequences 

of the inhomogeneity. 
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1. Introduction 

The quark model 11 has provided a useful mnemonic for gen- 

eral features of hadronic structure. If this description is 

indeed a correct one, it must be capable of describing this 

structure more specifically as well. One aspect which has 

eluded description for many years concerns the charge distri- 

aution within the neutron 2) . The simplest quark models 1) 

indicate that the neutron’s charge density should be everywhere 

zero; and, indeed, this density is small (relative to that 

>f the proton). It is not exactly zero, however; and we must 

lsk whether this fact is compatible with the quark descrip- 

Aon. 

What we find is that the quark-spin-dependent interac- 

ion which breaks the mass degeneracy of the ground state 

baryons leads in general to a segregation of charge within 

:he neutron. If this perturbing force is more repulsive for 

quarks with parallel than with antiparallel spins, then the 

,nduced charge radius *r'>, will be negative. Introducing a 

imple (harmonic oscillator) description of the bound state 

'ave functions and a spin-spin force of the type suggested by 

uantum chromodynamics, we estimate the magnitude of the charge 

egregation and find impressive agreement with experiment. 

Our model implies a specific description of the spatial 

istribution of quarks within the nucleon and leads to predic- 

ions for a variety of experiments which explore these dis- 

ributione. Confirmation of these predictions would be a 



significant step toward the verification of the bound quark 

picture as a satisfactory dynamical model of hadrons. 

2. The Argument 

The lowest lying baryons of the quark model are charac- 

terized by a total symmetry under the interchange of the spin 

and isospin labels of each pair of quarks. The mass degeneracy 

of these levels is split by a spin-spin interaction: thus, 

for example, is the A(12321 (with spin 3/2) more massive than 

the nucleon (with spin l/2). If the spin-spin force is repul- 

sive for quark pairs in a spin 1 state, these quarks will on 

the average bc further apart than those in a spin 0 state. 

Due to the symmetry of the wave function, those pairs with 

spin 1 must have isospin 1 as well; and those pairs with spin 0 

must have isospin 0. 

In the neutron there are two d quarks (charge -l/3 each) 

and one u quark (charge 2/3). The two d quarks always form an 

isospih 1 state, while the u-d pairs form mixtures of isospin 0 

and isospin 1 states (with relative probabilities 3/4 and l/4, 

respectively). Thus the two d quarks are more likely to be 

in a spin 1 state than are the u-d pairs. The repulsive force 

for quarks in this state will consequently drive the neutron's 

negative charge (the d quarks) further from the center of mass 

than its positive charge (the u quark]. We conclude that <r2>, 

must be negative3). 



3. A Model 

To obtain a quantitative estimate of <r2>” we must assume 

some specific form for the symmetric wave functions of the 

ground state baryons and for the spin-spin interaction which 

breaks their symetry. h'e assume, for calculational simplicity, 

that the three quarks are bound by three coupled harmonic 

oscillators. The unperturbed Hamiltonian is thus l), 

H, = k (PX.‘?:: 1 -t &-3 r: + r;) > (1) 

where ; ij = :,-;, denotes the relative positions of the ith 

and 3 '* quarks. The center of mass coordinates cari be isolated 

if we define the conjugate variables [R,;,s) and (G,t,G): 

p’,= +F- $ 5s’ , i’,= S-l/-g?, 

&= in’+& g-q& F2= i;*k T-&r’, 
(21 

F3- $iTst&G&“r, c= ?I+&3 t&i& 

in terms of which 



We shall choose the coordinate y to label the oscillator con- 

necting the two like quarks (the d quarks in the neutron or 

the u quarks in the proton). Using Eqs. (2) we can express 

the proton and neutron charge radii [<r2> - 4 QiC Iri-RJ2>1 a5 

k’>, =%Cy2) , - 

( c2L = + &4’)- Cj2>) . 
For the unperturbed Hamiltonian, Eq. (31, the ground state 

wave function is symmetric in x and y, and hence we have 

<r2> n - 0. 

Suppose now we add to Ii0 the perturbation 

H,= C Si’Sj fCrd\ > 
i'j. 

(4) 

(5) 

where f is a function which we will specify below. This per- 

turbation induces a shift in the ground state energy levels 

and, in particular, splits the nucleon and delta states by 

an amount 

3 
m.- 

mhr = 2 Cf) 0 ’ 

Here <f>5 denotes the expectation value of f(/2 y) in the 



unpcrturbad ground state of the y oscillator. 

The perturbation also modifies the wave functions. This 

effect is of second order for the mass shifts, but 15 of first 

order for a calculation of <x2> or <y'>. We are interested 

primarily in the difference <x2> - Cy2> [see Eq. (4)] 50 we 

focus on that part of Ii1 which distinguishes pairs of like quarks 

(dd or uu) from unlike pairs (ud). Thus it is sufficient to 

consider a perturbation of the form 

G,- 3S,&f(~~~=~f(~~) ) (7) 

which acts on the y-oscillator (i.e. the like quarks) alone- 

Since the oscillator potential [Eq. (3JJ is itself pro- 

portional to y2, we can use the virial theorem to calculate 

the shift in <y2> induced by the perturbation Gl. This theorem 

gives the relation 

(I > li 
2Zm 

= $&j2) t &Q?> kg). (*) 

Here the expectation values are taken with the perturbed wave 

function. We can now write the total energy of the,perturbed 

y oscillator as 



(H,($+i+) = 3kbJ2)+(K+~~~~$4) ) f9) 

where HO(y) - n2/2m + ; k y2 [cf. Eq. (3) 1. First order per- 

turbation theory gives the alternate expression 

(q,(p G,Cj)) = +o + (3 A > (10) 

where w. [= 2k ~y~>~l is the level spacing of the unperturbed 

system. Comparing these expressions , we conclude that to first 

order in f, 

(y”b (y’>o rv - q-q f>, 
<j2), - 4cr30 l 

(111 

Sin:= the perturbation (7) does not affect the x-oscillator, 

<x2, - <y2sg, and Eqs. (11) and (4) provide the first order 

estimate 

(T2)1\ ", q3 f), 

(r')? 8 a,0 ' 
(12) 

The experimental magnitude of the perturbation is specified by 

Eq. (S), which leads us to the relation 



(An hl m -m (13’ 
< t-=&J 

_ ,; oI [ ‘yy J ‘. 

For any perturbation f(y) which decreases with distance (and 

thus provides a repulsive force), <r2>,, will be negative. 

This correspondence is quite general, independent of our ap- 

proximations and of the detailed form of the'potential HO. 

To estimate the f-dependent factors in Eq. (13) we turn 

for inspiration to quantum chromodynamics. This theory in- 

cludes (by popular preswnption4) a spin independent quark- 

confining force (analogous to our HoI with smaller spin-de- 

pendent interactions which we estimate from elementary gluon 

exchange. The resulting spin-spin interaction resembles the 

hyperfine interaction of quantum electrodynamics but with a run- 

ning coupling 5) as(y) replacing the fine-structure constant. 

hodulo logarithms f(y) % y -3 , and the bracketed factor in 

Eq. (13) is.simply -3. [Asymptotic freedom, i.e. the fact that 

a(y) * 0 as y * 0, insures that there are no short distance 

divergences in cfaO or <$*bf>O.l 

The numerical value of 00 can be estimated from the slope 

of the nucleon's Regge trajectory to be w0 = t2mha'h) 
-1 = 530 MeV. 

With mb-rnn I 293 MeV we thus obtain the result 

s ” -(+Y$--;~.~.~ * N ii- 
(14) 

- Q%-w 2 * Al 
- . lJ L 

Y 
< :[“N-~“]M,d,i 



verse momentum distributions of the u and d quarks. One such 

experiment involves the production of pions in high energy 

collisions. One should select data")involviug quarks with 

O.l< xp< 0.5, the region in which valence quarks are con- 

centrated. Associating t+ particles with u quarks in the 

initial proton and I- particles with d quarks, we expect that 

<P-&2+ > 
2 

<PA '*+* Present data is somewhat inconclusive: 

hadroproductionlUseeras to support this inequality, while 

leptoproduction 12) data perhaps contradicts it. 

Another, mote direct, test of Eq. (16) is possible with 

the production of massive lepton pairs in sp collisions. This 

process1 3, can proceed by the annihilation of an incident 

antiquark from the pion with a valence quark of the target proton. 

One thus measures in a more or less direct fashion the momentum 

distribution functions of Eq. (16). Once again we have a 

prediction valid for quarks in the range 14) O.l< xp< 0.5. 

Assuming that the transverse momentum distribution of auti- 

quarks'in the incident pion is approximately t&&me as the 

quark distribution of the target proton, we predict that 

< ?L’ )gp - wn-? z 0 \ 

* (t$>,,, + $2 >q-y 1 
l l 

(16) 

there p&denotes the transverse momentum of the produced lepton 

pair. 



The experimentax test of these predictions is an important 

and challenging task. The results will help define the rdle 

played by quarks in the pageant of hadronic physics. 
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This is in remarkably good agreement with the experimental 

&lue6' of this ratio, -0.146 f 0.005. The preceding analysis 

can also be applied to the corresponding magnetic properties of.nucleons 

with the result’) 

dGM,($/d; _ M&-my 

d cqq;) /dCgZ 1 12 w, .(15) 

The factor -2/3 is the familiar quark model prediction for 

the ratio Y&I P . The term (m,-mp)/12wo arises from the wave 

function shift induced by the interaction (5); its nUIetiCa1 

value is only 0.05. Present data') are consistent with 

Eq. (15) but cannot really distinguish our prediction from the 

naive ratio -2/3. 

4. Discussion 

We have argued that in any dynamical quark model, the 

spin-spin interaction which breaks the mass degeneracy of 

the nucleon and delta will necessarily alter the relative 

spatial distributions of u and d quarks within the nucleon. 

Quantum chromodynamics suggests a possible form for this in- 

teraction. For the neutron this results in a broader spatial 

distribution for the d quarks and a negative value for the 

neutron's charge radius. We believe thir, result to be quite 



general. Previous treatments of the problem have missed this 

point by (i) assuming ,the spin-spin interaction to be inde- 

pendent of inter-quark separation or (ii) neglecting to cal- 

culate the wave function shift induced by a spatially dependent 

interaction. 

The preceding argument has dealt with the properties of 

a static nucleon. Differences in the spatial distributions of 

the-u and d quarks should, however, affect high energy inter- 

actions as well. A natural assumption is that the valence 

quark contribution to the momentum distribution')u(p, ,x,1 (the 

u quarks in the proton) will be narrower (in pA 1 than the 

contribution to d(p, ,x,1 (the d quark distribution). Thus, 

if for moderate xF we parametrize these functions as 

(161 

then the calculations of the previous section suggest that 

r: - rd’ ~ 3 <r’}n 
- - - 2(r’)p 

z-o.2 . (171 

r.4 
In the parametrization (16) this asymmetry is the same 

as the transverse momentum asymmetry (<p,2>, - (pA2>u)/<pL2>u. 

Equation (17) thus suggests asymmetries in the momentum dis- 

tributions of experiments which probe differences in the trane- 
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